Purpose: Stroke participant perspectives are used to evaluate a novel rehabilitation system employing electrical stimulation (ES) technology combined with robotic assistance and virtual reality. The broader implications of such feedback for future technological development are discussed.
INTRODUCTION
Approximately one third of people who suffer a stroke are left severely disabled, dependent on others for activities of daily living (ADL), and require some form of rehabilitation [1, 2] . Upper limb dysfunction is particularly problematic, impacting on many ADL, such as feeding and dressing.
Electrical stimulation (ES) and robotic therapy are among many rehabilitation techniques shown to reduce impairment in the upper limb [3] [4] [5] . However, standardised measures of performance, such as the Fugl-Meyer Assessment [6] and the Action Research Arm Test [7] , may not capture all the positive and negative aspects associated with a technology [8] . This has led to an increase in the use of patient-centred outcome measures to provide insight into the technology's effect on patients' quality of life [8, 9] . In addition, patients' perspectives of therapeutic interventions have been used to inform and improve design of technologies, especially novel rehabilitation technologies [8] [9] [10] [11] [12] [13] [14] . This includes the usability of the technology, as well as consideration of personal *Address correspondence to this author at the Electronics and Computer Science, University of Southampton, Southampton, SO17 1BJ, UK; Tel: 02380 592735; E-mail: klm@ecs.soton.ac.uk rehabilitation goals [12, 13, 15] , which may determine the tasks to be practiced, the skill that patients expect to regain, and affect compliance and confidence in using the technology [9, 12, 16 ].
The rehabilitation system reported in this paper is termed SAIL: Stimulation Assistance through Iterative Learning, and employs virtual reality, robotic and ES technologies to help stroke participants recover movement in their upper limb. The system provides a controlled and safe environment for participant's to receive finely-tuned, personalised ES assistance, and comprises a substantial development over an earlier system which established the use of advanced ES controllers in upper-limb stroke rehabilitation [17, 18] . In addition to combining robotic and ES technologies, the principal novelty of this work is the use of Iterative Learning Control (ILC) to mediate the ES applied to the triceps and anterior deltoid of the participant. ILC is a technology transferred from industrial robotics, and uses data recorded over previous attempts (or 'trials') of the task in combination with a biomechanical representation of each participant's arm, to calculate the level of ES required to maximise motor accuracy on a trial by trial basis [19, 20] . The biomechanical model captures the dynamic behaviour of the arm in response to applied ES by using a set of differential equations that relate the applied ES to the resulting arm movement (see [21] for details). In this way, ILC provides enough ES to assist performance while encouraging participants to exert voluntary effort to accurately complete the task, an important factor associated with increased positive therapeutic effects [4] .
The main aims of this paper are to (1) evaluate the SAIL system from five stroke participants' perspectives and compare this data to clinical outcome measures and, (2) based on our findings, discuss key issues and ideas that researchers may find useful to take into account when developing new rehabilitation technologies. To do this our objectives were 1) to evaluate the feasibility of using SAIL for upper limb rehabilitation with stroke participants by comparing clinical outcome measures pre and post 18 sessions using SAIL; 2) to gain understanding of participants experience in using the SAIL rehabilitation system, in terms of effectiveness and usability; 3) to gain insight into how the SAIL system could be improved in the future; 4) and to gain insight into how perceived outcomes relate to more objective measures of performance. To be clear, in line with previous work [18] we anticipated an improvement in pre to post clinical outcome measures but how this would relate to participants perceptions of improvement was unclear.
METHOD
Full engineering design [19, 20] and clinical results of the feasibility trial [22] have previously been reported and are therefore only briefly described here.
A. SAIL Feasibility Trial
Following ethical approval and informed consent, five participants with chronic stroke were recruited to this feasibility study. Participant characteristics are reported in Table 1 . Inclusion criteria were: i) participants aged 30-75 years; ii) ES produced movement without undue discomfort; iii) participants could comply with study protocol; iv) participants could communicate effectively; v) participants could give informed consent; vi) participants had suffered a stroke causing hemiplegia for at least 6 months and vii) impaired upper limb that included an inability to effectively extend the elbow in reaching. Exclusion criteria were: i) any active device implant; ii) any metal implant in upper limb; iii) uncontrolled epilepsy; iv) pregnancy; v) any serious or unstable medical or psychological condition or cognitive impairment that would compromise the participants safety or successful participation in this study (this includes any additional upper limb joint problems); vi) interpreter required; vii) participation in another upper limb physical rehabilitation study.
Participants attended 18, 1 hour training sessions over a 6-8 week period (consisting 2-3 sessions per week). During training, the participants' impaired arm was supported against gravity by a robotic support and ES was applied to their triceps and anterior deltoid to help practice 3D reaching tasks (Figure 1) . The participants task was to track a slowly moving ball with their impaired arm along a specified trajectory that was displayed in a virtual reality environment on a computer screen in front of them (Figure 1) .
At the beginning of each session, the therapist placed electrodes over the muscle body of the anterior deltoid and triceps of the impaired arm. Participants were then seated at the workstation and the participant's hemiplegic arm was loosely strapped to the upper limb support mechanism. The participants viewed a screen (which was located in front of them and to the hemiplegic side) that showed a virtual reality environment displaying the trajectory to be tracked and a representation of the participant's arm (that mirrored the participant's movements in real-time; see Figure 1 ). The frequency of stimulation was fixed at 40Hz in all tests, with a pulse width controlled in real-time by the ILC algorithms. At the beginning of each session, upper limit stimulation amplitude (determined by the participant) was fixed to ensure participant comfort and safety. A workspace in which participants could extend to their full range of movement with assistance from ES was also established, by calculating the spatial coordinates from the highest point that the participant could reach with their impaired arm when ES was applied to both muscle groups, the lowest point closest to the participant's ipsilateral thigh, and a front point relating to elbow extension directly in front of the participant. There were 9 possible trajectories that could be tracked; each could be in one of three orientations relating to space in front and to the hemiplegic side (centre, off-centre and far) and one of three lengths (proximal, middle, and distal). In addition, the ball could move along the trajectory at one of two speeds (5 or 10 seconds), requiring fast or slow tracking movements.
In each task, participants completed 6 trials tracking the same trajectory. A 15 second rest period between iterations was designed to reduce fatigue, and was extended if necessary. Participants started each movement from the same initial position, which was determined at the start of the first trial. Between each trial, the ILC software updated the ES signal applied to each muscle. To do this, the advanced controller uses performance data recorded from the previous trial together with a dynamic model of the arm in order to precisely assist tracking performance during the next attempt ( [19, 20, 21] for more details regarding the ILC model parameters). For feedback, participants saw a real-time image of their arm on the computer screen as they tracked the ball and the ball changed colour to indicate performance accuracy.
At the start and end of each session, participants also completed four single unassisted tracking trials (i.e. with no assistance from ES) [22] . Upper limb motor impairment and function were assessed using the Fugl-Meyer (F-M) [6] and Action Research Arm Test (ARAT) [7] , respectively, in two assessments prior to the training sessions (to establish baseline performance) and one assessment a maximum of two days post completion of the training sessions. These clinical outcome measures are valid and reliable measures for use with stroke participants [6, 7, 22] .
B. Interview
Following completion of the post-assessment session, participants took part in a semi-structured The question-set was developed in-house by therapists and psychologists working in the field of stoke rehabilitation and rehabilitation technology, and was informed by previous work [18] . The interviews were purposefully designed to be short and easy to follow, and lasted between 30-45 minutes. All interviews took place at the Faculty of Health Sciences and were conducted by a psychologist who was independent to the study to ensure that all participants were as honest and open as possible.
C. Data Analysis

Clinical Outcome Measures
The F-M (motor component only) assesses the degree of motor impairment in the upper limb through examination of how well participants can complete different gross movements with the impaired arm. The ARAT assesses motor function via assessing the number of motor activities the participant can complete (such as lifting different sized blocks on to a shelf and relocating different sized small objects). The maximum score for the F-M was 66 and the maximum score for the ARAT was 57. In line with previous work [18] , the data from the two pre-intervention assessment sessions were tested for differences using a t-test and then averaged for baseline performance. A one-tailed, paired t-test, with a significance level of p < .05, was used to compare baseline and post-intervention F-M and ARAT outcome measures. A one-tailed test was used as improvements in motor function from pre to post intervention were anticipated.
Interview Data
The quantitative data provided by the Likert scale items were analysed using descriptive summary statistics. The open-ended questions provided qualitative data that were analysed in a descriptive manner using thematic analysis. Thematic analysis involves familiarisation with data by reading and rereading the responses of all participants until key themes or categories are identified. These themes were then categorised and coded. Quotes were chosen as being the most representative in their group to accurately illustrate the participants' perceptions. There was no saturation of data.
RESULTS
A. Clinical Outcome Measures
Adherence was excellent with all 5 participants attending all training and assessment sessions. The results of the F-M and ARAT assessments are presented briefly to enable them to be discussed in the context of the results of the semi-structured interviews (for full clinical results see [22] ). As shown in Table 3 , F-M scores were shown to increase pre-to postintervention, t(4) = -4.54, p = 0.005, indicating that impairment in the upper limb reduced. No changes were found for the ARAT, t(4) = -0.34, p = 0.37. 
A. Interview Data
A summary of the Likert scores can be seen in Table 2 .
a) Usability
Overall, the feedback provided by participants was positive with respect to acceptance of the technology and usability of the system. Participants' reported favourably in terms of comfort and ease of use of the stimulation and robot. All participants found the tracking tasks easy to understand and enjoyable, with one participant commenting: 'Thoroughly enjoyed it -been worthwhile' (Participant 3).
In addition, the immediate feedback provided by the 3D environment and graphical displays helped participants to monitor their progress, within and between trials. Indeed, one participant commented that: 'Seeing the robotic arm on the computer screen and following the green ball with the [aid of] stimulation' (Participant 4), was one of the best aspects of the study. This was important as an understanding of the task, visual cues and feedback regarding progression is all factors that facilitate motivation and willingness to engage in rehabilitation [16] .
b) System Effectiveness
Participants' responses were mixed in terms of the effectiveness of the system. Participants all reported that their arm felt less weak following the end of intervention and that they were more aware of their impaired arm:
Moving the arm in general is better; there is more movement in the arm (Participant 2) However, only one participant felt that they could now pick up an object more easily. The discrepancy in responses seemed to stem from what the participants perceived the definition of effectiveness to be, with one participant and one carer distinguishing between the fact that although the impaired arm was more mobile this did not transfer to functional changes:
Although arm is more mobile, [I] still cannot do the things that I would like to -there is no functional improvement; for example, I cannot pick up cup of tea with my hand. (Participant 3)
Although [participant] shows more movement, she is still not able to do normal things such as opening a jar, buttering toast etc. at home. (Spouse of Participant 1)
Two participants reported that their arm felt tighter following the intervention, and that they could not reach out more easily with their impaired arm. Interestingly, these two participants also showed the smallest changes on the F-M. This demonstrates an alignment in participant awareness and clinical outcome measures. The other three participants did not think that their arm felt more tight and felt that they could reach out more easily with their impaired arm.
c) Improvements to the System
All participants would have liked more muscles to have been stimulated. The most popular movements to be assisted by ES involved the hand, wrist and fingers and shoulder.
More shoulder movements (Participant 1)
Wrist, fingers and arm raising (Participant 4)
Treatment for hand as well as arm (Participant 5)
Although two participants were keen to use ES for all of their weak muscles.
All of those that are weak as a result of the stroke (Participant 3)
Arm, leg and fingers (Participant 2)
Participants were mixed about whether adding games, rather than having to track the ball, would add to the motivation and enjoyment of the treatment (3/5 felt that it would and 2/5 felt the tasks were fine as they were), highlighting individual differences in rehabilitation needs and desires.
[I] think the task is pretty much what it needs to be (Participant 3)
I would like more variety in the tasks (Participant 5)
d) General
All participants responded favourably that they would recommend the treatment to other people who have had a stroke and that taking part in the study had been worthwhile. However, responses varied concerning duration of the treatment, with only one participant reporting that they would have liked to have continued the treatment for longer. Three participants felt 18 sessions was long enough and 1 participant was undecided.
Responses concerning the best aspects of the study could be divided into 3 categories: Physical improvements in the arm (e.g., 'The improvement in the movement in the arm' -Participant 2); Motivational factors associated with physical improvements (e.g., 'Being able to see the improvement in the lines on the computer [graphs]' -Participant 2); and a Sense of helping yourself and others (e.g., 'Trying to get arm to work again and volunteering so that people in the future may benefit' -Participant 5).
Travel time and temporary physical discomfort were considered the worst aspects of the study. One participant experienced muscle ache of the shoulder and another pain in the hand and wrist. Note that this discomfort was temporary, occurring for a short period immediately following some of the training sessions. In addition, two participants lived over 40 miles away from the University testing centre and the relative of one participant specified that 'Commitment of three times a week is too much' (Relative of Participant 2), despite having felt that the training schedule would not be a problem at the start of the study.
DISCUSSION
The aim of this paper was to evaluate the SAIL system for its feasibility for providing upper limb rehabilitation to stroke participants in terms of usability and effectiveness. Usability and effectiveness were evaluated by analysing the data from the feedback of five chronic stroke participants who underwent 18 training sessions using SAIL. Effectiveness was also evaluated with traditional objective clinical outcome measures.
Overall the participants provided very favourable views regarding the SAIL rehabilitation system, demonstrating that the technology was well accepted by the participants, despite mixed views regarding the effectiveness of the system. Specifically, they found it easy and comfortable to use and there were no issues or concerns in using the ES to facilitate training. Thus, we feel that the usability and user friendliness of SAIL as an upper limb rehabilitation platform for chronic stroke participants was established.
In terms of effectiveness, the clinical outcome measures of the study provided mixed results. Specifically, in line with previous work [17] , the clinical data showed a significant improvement from baseline to post-intervention for F-M scores but not for ARAT scores. While it is disappointing that no significant change was found for the ARAT, this finding is not surprising given that the ARAT contains many functional tasks that require hand function and the SAIL system trained only proximal upper limb joints. One of the study objectives was to compare these clinical outcomes to the participants' own perceptions of improvement. Interestingly and importantly we found consistent findings. In general, participants reported that the arm felt more mobile and that they had a better range of movement; however, some participants commented that despite these general motoric improvements, there was no translation into functional upper limb improvements. This left some participants feeling disappointed with their improvement, despite noticeable reductions in gross motor impairment. Unsurprisingly, participants felt that more functional improvements may have been observed if the system had targeted the hand as well as the triceps and anterior deltoid. Improvement in hand function was an important goal to the participants in this study and they reported that they would like ES to be applied to additional muscles to assist opening the hand for grip and grasp functions.
Participants also commented that they felt that their arm was less weak than before treatment and that they felt more aware of it (that it 'belonged' to their body again). These were both positive aspects of the intervention (both physically and psychosocially) that were not captured when reporting standardised clinical assessments of motor function. This highlights that there may be changes in impairments that are relevant and meaningful to participants that may not be picked up when using standardised assessments. Thus, the participant perspectives and the clinical outcomes have demonstrated significant changes in motor impairment over the course of the intervention, indicating that SAIL may be an effective platform for the rehabilitation of the upper limb post-stroke.
From the participant interviews, we were also able to establish that the two participants who reported that their arm felt more tight following the intervention also showed the least improvement on the F-M assessment and reported temporary discomfort following some of the training sessions. Not only does this demonstrate an alignment between participant's awareness of changes in their arm function and clinical outcome measures but it may also provide some insight into why these participants showed smaller improvements in the F-M measure compared to other participants. It must be noted that adverse effects were monitored throughout the intervention and adjustments to training were made. In the case of these two participants, discomfort was probably related to muscle fatigue and resolved following rest from training. However, this highlights the importance of constant monitoring and adaption of training schedules to reduce fatigue and increase the effectiveness of the treatment. Moreover, this information allowed us to gain insight into individual differences in changes in outcome measures that previously may have remained unexplained. Furthermore, our results highlight how participant perspectives can be used alongside traditional clinical assessments to provide greater insight into reported effectiveness. We have demonstrated that SAIL reduced impairments and that participants were aware of this. However, the system needs further development to achieve more effective, functional improvements.
The participant perspective data will also be very useful with respect to the development of this system. For example, it is clear that participants want a system that focuses on training distal upper limb joints as well as more proximal joints and could be used in a homesetting. In addition, the perspective data indicated that the next system should have a more varied task set to facilitate the enjoyment and motivation of some participants.
It is important to note that there are limitations to this study that may affect the generalizability of the findings. Foremost, as this was a feasibility study, the sample size used was small and may be underpowered (N=5; although findings were consistent with previous work [18] ). The question set that was used to gain participants' perspectives was designed in-house specifically for the purposes of evaluating and developing our ILC systems and was not a validated questionnaire. In addition, the lack of a control group within a pre-post assessment study design makes it difficult to determine whether the improvements observed are due to the intervention per se or are due to the fact that participants were doing some upper limb exercise. It would also be prudent to assess the effects of this rehabilitation system over time to see whether the improvements found remained. Thus, future work needs to trial this technology with a larger sample size and with post-intervention follow ups over a 3-6 month time period.
In evaluating and thinking about future development of the SAIL system through the participant perspective data, six broad issues that may be important for researchers to consider in the development of novel rehabilitation technologies and therapies were highlighted. It must be noted that these key points are, by themselves, not new concepts; however, they are often neglected in the design of technology-led rehabilitation systems [13] . Furthermore, there is much interaction between these concepts, and as such they should be considered holistically. Each of these six points will now be discussed in turn.
A. Effectiveness: Specify what "Improvement" Means for your Study
As mentioned above and consistent with previous research, participants in the current study clearly had different perceptions of the term improvement [10, 12] . Despite participants showing reductions in motor impairments on the F-M, participants' views regarding the effectiveness of the treatment were mixed, with many indicating the desire for improvements on meaningful, everyday tasks. This demonstrates the importance of considering individual differences in rehabilitation goals and of specifying realistic levels of improvement at the start of any new study or treatment [13, 15] . However, perceived recovery by patients who had survived stroke has been found to be strongly associated with hope [9] . Thus, although it is important set attainable goals, these goals should still present a challenge for the patient to achieve. It is worth noting that the types of improvement that this training may have provided were discussed at the beginning of the study with each participant; however, it would seem that this needs to be re-addressed in future studies.
B. Train the Whole Upper Limb
All participants in the current study reported a desire to also train the wrist and hand. Systematic reviews show that most rehabilitation robot trials have focussed on proximal upper limb movement [11, 23, 24] with consequent improvement limited to those joints. The need for more distal training is well documented in the literature [11, 18, 23, 24] , although there are very few distal rehabilitation robotic systems available [11, [23] [24] [25] [26] . Furthermore, many current systems employing ES to assist wrist and hand movement use simplistic controllers which cannot provide precise movement and hence limit effectiveness [27] . Consequently, there is a tangible need in this area for model-based ES controllers, such as ILC [19, 20, 21] . To address the issue of non-significant functional improvements, future studies should train both distal and proximal muscles in the upper limb [23] and the tasks undertaken should focus on everyday ADLs that are important to the user [9, 12, 13] .
C. Flexibility of Rehabilitation Systems for Progression and Motivation
Rehabilitation platforms must be flexible to allow tailoring at an individual level. For example, in the current study some participants felt that more varied tasks would have added to their motivation during training, whereas others felt the system was fine as it was. Participants need a range of options available to allow for task progression in terms of speed, range, complexity and dexterity, as well as adequate feedback to maintain motivation and appraise performance [9, 12, 13] . In addition, more patient-centred outcome measures are being developed and used to determine the types of task trained (e.g. MAM-16, [10] ; COPM, [14] ). This demands flexible systems that meet individual and changing needs, so that motivation and adherence to therapy are maximised. This may also assist in managing expectations of the therapy. Furthermore, future systems must be easily adjusted to individual participants, quick and easy to set-up and ideally usable in non-clinical settings, such as the home.
D. Need for Portable, Home-Based Systems
As many current robotic systems are designed for clinic-based use (see [23] ; for review) the burdens of travel and time reported in the current study are as likely as with any intensive rehabilitation programme at external clinics. This is likely to affect adherence, motivation, satisfaction and consequently outcome. Indeed it was the participant who lived closest to the University in the current study that wished to have more training sessions; all of the other participants felt 18 was enough of a commitment (despite having felt that his would not be a problem at the start of the intervention).
Technological advances will encourage the design of home use rehabilitation systems. Systematic reviews of the emerging research in telerehabilitation for example, suggest positive outcomes with respect to clinical outcome measures, attendance and compliance by both patients and therapists [28, 29] . As well as alleviating time and travel commitments, home-based systems could reduce clinical costs, an important consideration in current economic climates and provide greater opportunity for more and self-directed practice. However, without therapists to oversee training, homebased systems will require special consideration with respect to the ease at which assistive devices can be set-up, task progression, and monitoring facilities (to ensure that participants are using the devices appropriately) [13] . In addition, long-term clinical and cost-effectiveness of such systems is required [28, 29] .
E. Avoiding Discomfort Due to Over-Use
Many people experience some form of temporary discomfort following ES and robotic therapy, with muscle aches consistent with using a device intensively. Discomfort caused by rehabilitation exercises can reduce the likelihood of the person training [9] . In the current study, the therapist was always on hand to support, monitor and adapt the training schedules of the two participants who experienced temporary discomfort during training. The extent of education given to the participant and carers regarding possible discomfort should be considered, particularly in home-based systems when over-use may result in adverse reactions.
F. The Value of Participant Perspectives
Participant involvement is essential in ensuring that rehabilitation technologies have tangible impact for participants. Feedback from participants is useful for evaluating systems, influencing the evolution of individual prototype systems, such as SAIL, but more importantly in telling us where systems should be going in the future. In addition, it is becoming increasingly popular to use outcome measures that are meaningful and important to the participant and that measure global aspects of performance and participation [10, 11] . The feasibility and relevance of participants' desires should be critically considered, but lessons learnt from participant feedback can be applied to develop and improve novel rehabilitation systems. With this in mind, in the case of SAIL, the next step is to develop the system in a clinical based environment so that ES can be applied to facilitate movement of the whole upper limb, including the hand and wrist. Work is currently underway to achieve this. Once clinical feasibility is established for the new system, we will investigate piloting it within a home based environment, as this would address issues with regards to travel and time involved in rehabilitation training. The current study also highlighted that asking participant perspectives provided evidence that the participants themselves observed changes in the motor impairments of their impaired arm, such as they were more aware of the arm and that it felt more apart of them again, that would not have been captured if only standardised clinical assessments of motor function had been used.
In conclusion, participant feedback was used to evaluate a novel rehabilitation platform combining robot-aided therapy, ES and ILC technology. Importantly the participant perspectives were in line with the clinical data demonstrating small but significant reductions in upper limb impairment that were reported to be of benefit by participants. Both clinical findings and participant feedback have indicated what further developments are needed to achieve more effective, functional improvement. Participants' perspectives also provided more in depth insight into perceptions of effectiveness and usability, highlighting six important and integrated points that researchers developing new rehabilitation technologies, especially those for the upper limb may wish to consider. Thus, the consideration and application of participants' perspectives provided informative feedback with regards to the feasibility and effectiveness of this rehabilitation platform.
